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Abstract
We present controlled growth of c(2×2)N islands on the (100) surface of Cu3Au, which can be used as
an insulating surface template for manipulation of magnetic adatoms. Compared to the commonly used
Cu(100)/c(2×2)N surface, where island sizes do not exceed several nanometers due to strain limitation,
the current system provides better lattice matching between metal and adsorption layer, allowing larger
unstrained islands to be formed. We show that we can achieve island sizes ranging from tens to hundreds
of nanometers, increasing the potential building area by a factor 103. Initial manipulation attempts show no
observable difference in adatom behaviour, either in manipulation or spectroscopy.
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1. Introduction
The ability to position individual magnetic
adatoms into a specific arrangement on a sur-
face holds great potential for atomic scale stud-
ies of quantum magnetism [1]. A particularly suc-
cessful template for the placement of transition
metal atoms is the c(2×2) reconstruction of nitro-
gen on the Cu(100) crystal surface [2], which pro-
vides a self-terminated insulating monolayer, sep-
arating the atomic spins from the conduction elec-
trons in the metal below [3]. Due to its covalent
structure, the copper-nitride surface provides sig-
nificant magneto-crystalline anisotropy [4] and al-
lows for tunable spin-spin coupling between neigh-
bouring atoms, both ferromagnetic and antiferro-
magnetic [5, 6]. The combination of these tech-
niques has given rise to a range of seminal ex-
periments, including the construction of a 96-atom
magnetic byte [7], the observation of spin waves
in a one-dimensional spin chain [8], and the atomi-
cally precise study of various highly entangled spin
systems [9, 10].
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As atom manipulation techniques become more
reliable [11], the size of atomic structures is only
limited by the maximum available continuous build-
ing area. In the case of copper-nitride, this limit
is imposed by the nitrogen islands. Due to a 3%
lattice mismatch between the adsorption layer and
the underlying Cu(100) crystal, island sizes are
strain-limited to ∼5 nm × 5 nm — or, on saturated
surfaces up to 20 nm × 20 nm [12] — hamper-
ing the assembly of any spin structure larger than
that. Here, we present growth of nitride islands on
a different metal substrate: the Cu3Au(100) sur-
face. With a lattice constant a = 0.375 nm [13],
its lattice much better matches the one of copper-
nitride (a = 0.372 nm [14]) than the Cu(100) sur-
face (a = 0.359 nm [15]) does. By properly tun-
ing growth conditions, we can routinely grow is-
lands ranging from tens to hundreds of nanome-
tres across, vastly increasing the area on which
spin structures can be assembled.
2. Experimental details
The experiments were performed in a scan-
ning tunnelling microscope (STM) operating in
ultra-high vacuum (UHV) and cryogenic condi-
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Figure 1: STM images of nitrogen islands on ordered Cu3Au(100) after 5 min of annealing at (a) 750 K (b) 780 K and (c) 810 K. The
images were acquire at a temperature of 1.5 K with constant current at (a) 0.1 nA and 0.2 V, (b) 0.1 nA and 1 V and (c) 0.4 nA and
0.2 V. The nitrogen islands appear as darker areas surrounded by brighter areas, which are bare Cu3Au(100).
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Figure 2: STM images of nitrogen islands on disordered Cu3Au(100) after 5 min of annealing at (a) 780 K (b) 840 K and (c) 870 K. The
images were acquire at a temperature of 1.5 K with constant current at (a) 0.1 nA and 50 mV, (b) 0.2 nA and 100 mV and (c) 0.2 nA
and 50 mV.
tions. During measurements the pressure was
<5× 10−10 mbar and the temperature was be-
tween 1.4 K and 1.5 K. Sample preparation
was performed in situ in a UHV chamber con-
nected to the STM, which has a base pressure
of <4× 10−10 mbar. The preparation chamber is
equipped with standard sputtering and e-beam an-
nealing equipment, and has inlets for pure argon
and nitrogen (99.999%).
We monitor the sample temperature during an-
nealing by means of a pyrometer. Due to stray
radiation originating from the filament behind the
sample, the actual temperature readout, while reli-
able, is overestimated. In order to approximate the
real temperature of the sample during annealing,
we record the cooling curves after turning off the
filament, and extrapolate back.
We used a commercial Cu3Au crystal grown
by Surface Preparation Laboratory, which was cut
along the (100) plane with∼0.1◦ accuracy and pol-
ished to a roughness <0.03 µm. Prior to growing
the nitride islands, the crystal was cleaned with
multiple rounds of argon sputtering at 1 kV followed
by annealing. This process was repeated until a
clean surface with large plateaus was observed in
STM images.
Nitrogen was subsequently implanted into the
superficial layer by sputtering N+ ions onto the sur-
face. We used an sputtering voltage of 500 V and
a current of 1 µA to achieve coverages in the order
of a monolayer per minute. To favor the mobility of
the implanted nitrogen atoms and repair possible
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Figure 3: STM images of a nitrogen islands on disordered Cu3Au(100), scanned at a constant current of 0.5 nA and a bias of (a)
10 mV, (b) 1.5 V and (c) 4.5 V. The surface was annealed 5 min at 840 K after nitrogen sputtering. The insets are higher resolution
scans of a section of the nitrogen island taken at identical measurement parameters. The corresponding area on the island is indicated
by a white rectangle. For (a) and (b) the nitrogen islands are darker than the surrounding bare Cu3Au(100). This contrast is inverted
for (c).
damage to the surface, we follow the sputtering by
an annealing process, leading to the formation of a
c(2x2)N reconstruction on the Cu3Au(100) surface,
similar to that reported for Cu(100) [2].
A Cu3Au crystal can be in two distinct phases:
an ordered L12 phase [16, 17] upon annealing be-
low a critical temperature Tc = 663K [18, 19, 20],
and a disordered phase above this temperature
[21, 22]. While both phases have the FCC crys-
tal structure, in the L12 phase the Au atoms are
periodically distributed over the crystal whereas in
the disordered phase they are not. The transition
between the two phases is reversible [23, 24]: the
crystal can be brought back into the L12 phase in a
matter of hours by annealing at temperature near
Tc [23, 25]. The lattice constant of the disordered
phase is slightly larger than the ordered L12 phase
(0.3762 nm and 0.3754 nm) respectively [26]).
3. Results and discussions
In a first series of experiments, a clean and or-
dered L12 sample was sputtered with nitrogen for
45 s at a current of 0.8 µA and an accelerating volt-
age of 0.5 kV. The sample was then annealed
for 5 min. The annealing temperature was kept at
T > Tc for only short periods of time, preserving
the order in the bulk of the crystal. The surface
is faster to both order and disorder when crossing
the critical temperature, taking place on a broader
temperature range [27, 28].
Figure 1 shows the effect of different annealing
temperatures (as determined via the process de-
scribed above) on the size and distribution of the
islands. The resulting islands vary in size from
10 nm to 100 nm in their longest direction where
the largest islands appear only at a higher temper-
ature. We observe a trend towards larger islands
for higher temperatures. The edges of the island
are mostly straight and oriented along the crystal-
lographic axes (rotated between 5◦ and 10◦ clock-
wise relative to the image frame), as is observed
on Cu(100). The island size is strongly increased
with respect to the case of Cu(100) owing to a re-
duced strain accumulation, due to the better match
in lattice parameters.
A second series of experiments was performed
after a prolonged high temperate treatment of the
crystal. We annealed the crystal for 15 hours at
>900 K. This temperature is well above the critical
temperature of 663 K, driving the crystal from the
ordered L12 into a disordered FCC phase.
The disordered crystal was then prepared in a
similar fashion as the ordered crystal. The amount
of sputtered nitrogen is similar to the amount sput-
tered in the preparations in Figure 1 and the an-
nealing time was kept unchanged at 5 min for each
preparation. The resulting surfaces at different an-
nealing temperatures can be seen in Figure 2.
The island sizes follow the same trend as on the
ordered crystal, with islands ranging from 10 nm
to 100 nm where larger islands are observed for
higher temperatures. A major difference is found
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Figure 4: (a) Nitrogen island with an area of over 145 000 nm2 with Fe adatoms evaporated onto it. (b-f) STM images of percolated
areas. The sample was annealed for (a,e,f) 15 min in three steps at 810 K, 780 K and 750 K, (b) 20 min at 930 K and (c,d) 20 min
at 870 K. The STM images were taken at (a) 0.2 nA and 100 mV (inset at 1.5 V), (b) 0.1 nA and 200 mV, (c) 0.1 nA and −20 mV, (d)
0.2 nA and 20 mV and (e, f) 0.1 nA and 100 mV. (e) and (f) show the same area before and after a scan of this area at 0.1 nA and 5 V.
in the island geometry. In the ordered case the is-
lands have mostly straight edges. In contrast, the
islands of the disordered crystal are more rounded,
showing no clear preferable orientation with re-
gards to the crystallographic directions, indicating
a more isotropic diffusion. This can be explained
by disorder creating slight local variations in the
lattice parameters and allowing the strain of the ni-
trogen reconstruction to be released. This strain
release process could allow the reconstruction of
islands without fundamental limits in their sizes.
Scanning the surface at higher bias voltage Vb
reveals features that were not evident for Vb <
0.5V. Figure 3 shows the same island scanned at
different bias voltages. At Vb = 1.5V we observe
bright spots appearing in the nitrogen reconstruc-
tion. At Vb = 10mV and with atomic resolution,
we can see that those bright spots correspond-
ing to defects in the nitride lattice (see insets of
Figure 3). The exact nature those defects is un-
known, but they were observed only in the disor-
dered phase. We suggest that they are Au atoms
that are incorporated into the copper-nitride layer
as substitutions of Cu atoms. In the L12 phase, ev-
ery other layer in the (100) direction consists exclu-
sively of Cu atoms; after saturation with nitrogen,
the surface is terminated on a Cu-only layer [13].
The defect distribution gives us an indication on
the formation and merging of islands. On round
islands, the defects are mostly around the edges,
where during growth new nitrogen joins the island
and where the c(2 × 2) reconstruction is therefore
not completed. Due to Brownian movement, the is-
lands diffuse on the surface and will eventually col-
lide. This process of coalescence is visible in Fig-
ure 3, where two islands were frozen in the process
of merging. Longer annealing time or higher tem-
perature would allow the island to properly merge
and adopt a round shape. This establishes a clear
relation between the elongation of the islands and
the coalescence between multiple islands.
Raising the annealing temperature allows for
faster dynamics, accelerating the island merging
process which consequently leads to larger and
rounder islands. Figure 4a shows a ∼145 000 nm2
island observed on the disordered crystal. The to-
tal area of this island is an improvement of three
orders of magnitude respect to the maximum area
of a nitrogen islands on Cu(100) [12]. However, in
the inset of Figure 4a, taken at higher bias, we can
observe a high density of defects on the nitrogen
reconstruction evenly distributed along the island,
suggesting a higher Au-Cu substitution at the sur-
face at elevated growth temperatures. Nonethe-
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Figure 5: Tunneling specstroscopy measurements on regular
and percolated areas. (a) STM image of a regular nitrogen is-
land on disordered Cu3Au. (b,c) dI/dV spectroscopy measure-
ments at constant current, taken at different positions on regular
(b) and percolated (c) areas. Measurement locations are indi-
cated with corresponding colours in (a) and (d). (d) STM image
taken in a percolated area. STM scans were taken at 1.5 K
and (a) 100 pA and 20 mV (inset at 1.2 V) and (d) 200 pA and
100 mV.
less, we successfully evaporated and manipulated
Fe atoms and on this island (white dots), and were
able to engineer well-behaved spin structures (see
Figure 6).
The area surrounding this island presents an
irregular topography, highlighted in Figure 4c-e,
which we will denote as percolation regions. We
observe this kind of behaviour for the prepara-
tions we performed at highest temperatures. They
consist of a square pattern broken up by irreg-
ular channels connecting larger islands, as well
as clean patches of exposed Cu3Au surface. We
have seen the percolation region to be unstable for
Vb > 4V both while scanning (see Figure 4e, f) and
during spectroscopy (see Figure 5).
We note that on the same sample preparation,
it is possible to observe areas in the percolation
regime and areas with regular nitride islands by
macroscopically displacing the STM tip accros the
(a)
(b)
20nm
Figure 6: (a) 1 × 5 and 2 × 4 structures of Fe atoms similar
to [7] assembled through vertical manipulation on a ∼5000 nm2
nitrogen island on Cu3Au. (b) dIdV spectroscopy measure-
ments taken on each of the atoms of a 1 × 3 Fe structure built
on an island of similar size as in (a). Spectroscopy was taken
in the center of each atom with initial settings of 800 pA and
−20 mV. All structures were built on the same sample, which
was annealed at 810 K, 780 K and 750 K for 5 min at each tem-
perature. The STM images were taken at (a) 50 pA and 20 mV
and (b) 200 pA and 50 mV.
sample surface, indicating that various phases can
coexist on a single crystal. By starting the anneal-
ing at a higher temperature and gradually lowering
the temperature, we are able to create round large
islands with smooth nitrogen reconstruction, where
the defects are mostly on the edges.
Figure 5 shows constant current dI/dV spec-
troscopy measurements on both regular and per-
colated areas. As seen in Figure 5b, the nitride
islands in the regular region behave analogously
to those reported for Cu(100) [29]. In the perco-
lated region (Figure 5c,d), three distinct phases are
observed: two that behave similarly to the regular
region (red, green) and the phase with the square
pattern (black), where the spectroscopy is mostly
featureless (apart of its instability).
The nitrogen islands on Cu3Au(100) are suitable
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for adatom manipulation. We assembled many
structures of Fe adatoms — from dimers to longer
chains and blocks. Examples of such successfully
assembled structure can be seen in Figure 6a. In
Figure 6b we show spectroscopy measurements
on the three atoms of a Fe trimer, which are quan-
titatively the same as for a trimer assembled on ni-
tride on Cu(100) [30]. Atomic manipulation is per-
formed vertically, by moving an atom from the sur-
face to the tip and subsequently form the tip to the
surface on the desired position [3].
4. Conclusion
We have studied the growth of c(2 × 2) nitride
islands on the Cu3Au(100) crystal surface, which
results in island sizes that are much larger than
on the well-studied Cu(100) surface. When the
crystal is prepared in the ordered phase, we ob-
serve mostly rectangular nitride islands, which in-
crease in size with temperature. On the disordered
phase we see a similar relation between annealing
temperature and island size, but in this case the
islands are round, indicating that effects of strain
due to lattice mismatch have diminished. Measure-
ments at higher voltages reveal defects, the distri-
bution of which gives information about the coales-
cence of islands during growth. The nitride islands
on Cu3Au(100) are found to be equally suitable for
vertical manipulation of magnetic adatoms as their
counterparts on Cu(100).
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